We present an experiment based on a fibered Mach-Zehnder interferometer. The aim is to familiarize students with fibered optics and interferometry, and to improve their understanding of optical amplification. The laboratory project has two parts: in a first part, the students modulate the optical path of the interferometer to study the spectra of light sources via Fourier Transform Spectroscopy. In a second part, an optical amplifier is placed in one or both arms of the interferometer. The set-up uses monomode, polarization-maintaining fibers that propagate light of 1.5 µm wavelength. In this article, we describe the set-up and the analysis of the measurements, and we present results from student reports. All components are part of standard optical catalogues.
I. INTRODUCTION
During the International Year of Light we have developed a fiber-based optical interferometer for undergraduate lab courses. The experiment aims to familiarize the students with interferometry, Fourier Transform spectroscopy and optical amplification.
The set-up is based on a fibered Mach-Zehnder interferometer. This type of interferometer is classically used in telecommunication to control the amplitude of optical signals. [1] [2] [3] [4] [5] [6] [7] [8] The first part of the laboratory project is concerned with Fourier Transform Spectroscopy (FTS).
An advantage of the FTS is that it needs only one detector pixel. When infrared detector arrays were not commonly accessible, FTS was the preferred method for spectroscopy in astronomy. The students use two sources (a Fabry-Perot laser and a superluminescent diode), they modulate the Optical Path Difference (OPD) between the two arms of the interferometer, and Fourier transform the amplitude of the fringes as a function of OPD.
From this they deduce the spectrum of the light source.
In a second part of the project, an optical amplifier is placed in one and then both arms of the interferometer. The pattern observed behind an interferometer shows interference fringes, provided there is no way to determine which arm a photon has passed. When coherent photon pulses from a laser pass an optical amplifier, they stimulate the emission of identical, coherent photons by the atoms of the amplifier medium. The student is invited to predict the outcome of this experiment. Are the stimulated photons localized in one arm?
In this case, they should not contribute interferences. Or does the process of stimulated emission not constrain the position of the incoming photons, so that the interference pattern is preserved and even amplified through the contribution of the stimulated emissions? The student will observe that the amplitude of the fringes increases with the amplifier gain, while the normalized contrast decreases. Thus the incoming and stimulated photons contribute both to interferences. The effect of an amplification of gain g is equivalent to enlarging one of the holes in a classic Young experiment by a factor g = A 2 /A 1 , where A 1 and A 2 are the areas of the holes. The students also understand that spontaneously emitted photons add a continuous incoherent signal, which decreases the contrast of the fringes.
Our experiment is based on fibered optics, which eliminates the need for optical alignment -rather than aligning an optical component, one connects a fiber. It also exposes students to fiber technology. All components are off-the-shelf, i.e. from standard optical catalogues.
Section II presents the design and set-up of the instrument, section III details the different parts of the laboratory project and presents results from student reports.
The American Journal of Physics has published several articles on Mach-Zehnder interferometers built from bulk optics. 9-13 Other articles have described fibered Fabry-Perot or
Michelson interferometers as instructional tools. [14] [15] [16] The experiment that we set up -a fibered interferometer used in combination with optical amplifiers -is commonly used to realize high-speed optical switches and logical gates. [1] [2] [3] [4] [5] [6] [7] [8] To our knowledge its use for educational purposes has not yet been described. iber Optic Delay Lines (ODL) consist of an input and output fiber collimator to oject the light into free space and collect it again into a fiber. The distance the light avels in free space is precisely controlled, either by controlling the separation tween the input and output optics, or by reflecting the light off a movable reflector. either case, by varying the distance the light travels, one can control the delay time rough the device.
II. EXPERIMENTAL SET-UP
elay lines are offered using singlemode, multimode or Polarization Maintaining (PM) ers. In general, OZ Optics uses polarization maintaining fibers based on the ANDA fiber structure when building polarization maintaining components and tchcords. However OZ Optics can construct devices using other PM fiber ructures. We do carry some alternative fiber types in stock, so please contact our les department for availability. If necessary, we are willing to use customer pplied fibers to build devices.
elay lines are offered in both manual or electrically controlled versions. Manual lay lines utilize either a lead screw or a micrometer to adjust the spacing. lectrically controlled versions utilize a servo motor with encoders to monitor the otion. With this device submicron resolution (<0.003 ps) is achieved. The delay line easily controlled by a computer via an RS-232 interface or manually using some mple TTL input signals. These devices are calibrated to provide the delay in coseconds. Home and end position sensors prevent accidental damage to the vice. new, miniature style delay line provides up to 13 picoseconds delay in a miniature ckage. The unit takes up little more space than an ordinary patchcord connection, d is easily adjustable and lockable. Both sources are centered at λ = 1.55 µm. We chose to work at this telecommunication wavelength, because it allows us to use a broad range of components available from standard optics catalogues. Table II lists the components used in this experiment. Figure 2 laser, reflections on optical interfaces easily produce spurious interference effects and this generates instabilities in the fringe pattern.
The light is propagated along monomode, panda-style polarization-maintaining fibers (Nufern PM1550-XP). It is important that the fibers are polarization maintaining so that the light field doesn't fluctuate between non-interfering polarization states. All other components are likewise polarization-maintaining, and therefore bi-refringent. We have bought a fibered polarizer to remove any remaining crosstalk between polarizations. The students may place the polarizer either before or after the interferometer. In the second part of the experiment an optical amplifier is placed in one and then both arms. We use Erbium Doped Fiber Amplifiers (EDFA), which amplify light around 1.55 µm. The two laser sources and the optical amplifiers are class 1M lasers. These lasers are safe and the maximum permissible radiation exposure can not generally be exceeded. However, the students should still be warned never to look onto a fiber output directly, especially as radiation at 1.5 µm is not visible.
III. MEASUREMENTS
The project is divided into two parts: the students first use the delay lines of the MachZehnder to do Fourier Transform Spectroscopy (FTS). In this first section the contrast as a function of optical path-length difference is used to derive the spectra of different light sources. In the second part of the project an amplifier is placed in one and then in each arm of the interferometer. For a shorter project the experiment can be reduced to its first part.
A. Fourier Transform Spectroscopy
FTS is most easily explained by considering the wave nature of light. The electric field is written as a superposition of monochromatic waves. It is represented as a complex function of frequency ν and time t:
We consider frequencies between −∞ to +∞ to simplify the Fourier transformations. The amplitude of negative frequency waves can be set to zero. a(ν) is a complex parameter that contains the phase and amplitude of each monochromatic wave. Note that we would use a vector instead of a scalar if we wanted to account for polarization. Here, we neglect the effect of polarization, since we are using polarization maintaining fibers. The intensity observed at a time t, on a hypothetical detector of infinitively small response time, is related to the electric field via:
The detector used in this experiment is a photodiode with a 1 GHz bandwidth. The signal is thus integrated over 1 ns, which is long compared to the frequency of the field: ν = 200 THz at λ = 1.5 µm. We can therefore make the following approximation:
where <> is the average over the integration time of the detector. The above relations use the fact that the squares of cosine and sine have the same average over many periods.
The integration times are long compared to the wave periods, hence:
where δ(ν − ν ) is the dirac function which is null for any value of ν different from ν . Thus
and
This relation means that the polychromatic intensity is the sum of the intensities contained in the monochromatic waves. This is re-assuring for energy conservation, but it's not trivial
for the students to demonstrate this.
The interferometer is set up as shown on lossless. The time delay is δ = OP D/c. We assume that the beam-splitter is achromatic so that both fields have the same spectral dependance a(ν). The electric field at the output of the interferometer is the sum of the two fields:
Thus,
The four terms simplify because the detector integration-times are long compared to the wave frequency (see Eq. 4):
Hence, since we have established in Eq. (2) that
This last equation simplifies when using the intensities in arms one and two :
|a(ν)| 2 dν, as well as the normalized spectral density as defined by:
This yields:
Hence:
One can thus relate the intensity observed at a given delay to the Fourier transform of the spectrum as defined in Eq. (16):
Hence, the students can use the intensity observed at the output of the MZ to calculate the spectrum of the light source. The most straightforward approach would be to measure the intensity as a function of δ, and use the relation:
However, the set-up is not made to allow fast scanning over several centimeters with the delay lines.
Instead the students use a small phase modulation, δ , obtained by means of the LiNbO 3 modulators, to estimate the contrast at a given path difference. The path difference is set with the delay lines. The contrast determines the amplitude of the Fourier transform at a given δ:
where I(δ ) max and I(δ ) min are the maximum and minimum intensities, as defined in Eq. (18), over one modulation-period of the LiNbO 3 phase modulators. From this, one derives:
where ν 0 is the modulation frequency of the LiNbO 3 devices. The modulus translates the fact that the setup is not phase referenced: one may measure the amplitude of the fringes, but not their phase. Standard FTS systems measure a complex visibility, which directly corresponds to the complex Fourier transform of S(ν). Here we only determine the contrast, C(δ), which is related to the auto-correlation of the light spectrum:
The sign ⊕ denotes the correlation function: Figure 3 traces the contrast as a function of optical path difference, using the Fabry-Perot laser. The resulting spectrum is compared to the spectrum provided by Thorlabs on Fig. 4 .
Resonant modes are expected when the Fabry-Perot cavity length is a multiple of half the wavelength. Hence the students can deduce the cavity length from their data:
where ∆λ is the distance between peaks in the spectrum. In this particular case, the student obtained a cavity length of l = 1.02 ± 0.03 mm, close to the manufacturer specifications of approximately 1.07 mm.
The students likewise obtain spectra for the SLD source. With a quasi-Gaussian bandwidth of 50 nm, the SLD is perfect to understand the impact of the spectrum on the coherence length (a few tens of micrometers). The students are asked to derive the coherence length.
Note that this length has various definitions, which relate either to the root-mean square deviation or to the full-width at half-maximum of the Gaussian spectrum. Either definition can be used. respectively. The spectral ripple arises due to remnants of lasing effect in the SLD cavity.
The cavities of the SLD have anti-reflective coating in order to prevent lasing; however, since reflection can never be completely eliminated, a slight remnant of preferred cavity modes can feature in the SLD spectrum, giving a ripple effect. The SLD cavity length is calculated as 680 ± 60 µm."
Last, the students are asked to measure the spectra of the optical amplifier with and without a source. This is done by putting the optical amplifier at the entrance of the MachZehnder interferometer. This experiment introduces the next section, where one or both optical amplifiers are placed within the interferometer. 
B. Amplified interference
In part two of this laboratory experiment, an optical amplifier is placed in one arm of the Mach-Zehnder interferometer. As light passes the amplifier it stimulates the emission of photons. The student is asked whether these photons contribute interference even though they are emitted in one arm of the interferometer.
To answer this question, the setup of the first section is modified with the addition of an All the work performed in this part of the experiment is obtained at maximum fringe contrast, i.e. with the delay lines set to zero path difference. For simplicity, we assume a monochromatic light source: S(ν) = 0 only if |ν| = ν 0 . Hence, according to Eq. (19) :
or, in terms of the contrast as defined by Eq. (20):
From this we derive the relation between the contrast at zero OPD and the intensities in both arms:
The aim of is to characterize the fringes obtained behind the MZ when an optical amplifier is placed in one of its arms. The intensity detected in arm 1 equalsĨ 1 = I 1 + I st + I sp , where I 1 is the intensity that enters the amplifier, I st = (g − 1)I 1 corresponds to the stimulated photons (g is the amplifier gain) and I sp corresponds to spontaneous emissions.
If the stimulated emissions do not contribute to the fringes, then the contrast is :
If the stimulated emissions contribute to the fringes, then the contrast is :
In the approximation of a large gain, C no varies as 1/g, while C yes varies as 1/ √ g. Figure 6 represents the contrast as a function of gain, using the SLD at two different brightness values.
A clear 1/ √ g dependence is approached for large amplifier gain values.
When spontaneous emissions can be neglected (i.e. for high input intensities), optical amplification and attenuation have the same effect: they change the ratio of the interfering amplitudes. The same evolution of contrast would also be obtained with Young holes of different size. This has been analyzed by Englert: 18 The contrast of the fringe pattern is maximal when the knowledge of the photon position on the Young screen is minimal, i.e.
when the two holes are of same size and the interferometer is symmetric. If only one hole is open, the path of the photon is perfectly known and the contrast decreases to C = 0.
Intermediate set-ups yield contrast values 0 < C < 1. This is not true for small input intensities, when spontaneous emissions contribute an incoherent signal, which does not produce interferences.
Finally an amplifier is introduced in each arm of the Mach-Zehnder interferometer. Let g 1 and g 2 be the gain of the two amplifiers and I sp1 , I sp2 the intensities from the spontaneous emissions. At zero path difference, the fringe contrast equals:
The intensity of the SLD laser source is fixed and the pumping currents of the amplifiers are varied. Maximum contrast is obtained when the amplifier gains, g 1 and g 2 , are equal in both arms. For large gain values, when the spontaneous emissions are negligible compared to stimulated emissions, C = 2
The contrast approaches 1 as g 1 ∼ g 2 :
the fringe pattern has an excellent contrast even though most of the photons are generated inside the interferometer.
IV. CONCLUSION
We have presented a new fiber-based interferometric experiment. Fiber optical components are expensive and the budget of this set-up has reached ∼ £15 000. We feel that this investment is justified because students become familiar with widely-used fiber technology, they get hands-on experience with interferometry and improve their understanding of optical amplification. The experiment has now become part of the syllabus for third year Physics students.
By now, five students have successfully worked on the experiment over two-week periods (mainly over half-days, so the project could also be offered as a full-time one week project).
The students are in their third year and they are given much liberty on the conduct of the project. The report notably asks questions on the Physics involved, rather then giving instructions on how to assemble the experiment. The students then figure out which measurements are needed to answer these questions. They are free to spend more or less time on the different parts of the experiment. We were positively surprised by the variety of the students' reports: one student spent the bigger part of the project characterizing and modeling the optical amplifiers, while another student meticulously characterized the light sources with and without amplification, via a Fourier analysis of the fringe contrast. Their reports analyze the differences between their measurements and the manufacturer specifications. This ensures that the experiment has been well understood. All students managed to obtain stable fringe patterns for the various instrumental set-ups: the classic Mach-Zehnder interferometer and its modified version with an amplifier in one or both arms. Nothing has been broken yet. The experiment has thus proven reliable so far.
Let us finally note that -much like a report by Danan et al. 19 -the analysis of the photon trajectories inside our interferometer can come as a surprise. Intriguingly, the photons that are stimulated inside one arm of the interferometer still contribute to the interference pattern because one cannot distinguish the incoming and stimulated photons. Neither Danan et al.'s nor our experiment is ran in the single photon regime and the resulting interference patterns are easily understood when the wave nature of light is considered. The outcome of the experiment is, however, harder to conciliate with the particle nature of light. This intriguing evolution of the photons inside our modified interferometer helps to understand stimulated emission.
